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ABSTRACT 


The theory of operation and description of a particle 
sizing device which indirectly determines the size of small 
particles from forward scattered light at two angles is 
presented. The device incorporates a fixed detector geon- 
etry and maintains a fixed intensity ratio at two photodiode 
detectors by adjusting the oftical system focal length. 
Simple analogue signal processing is used with a servomotor 
to make continuous adjustments automatically. 

The optical device is used to investigate the effects of 
an applied high intensity electric field ona fuel spray 
from a turbine engine fuel nozzle for changes in droplet 
size. Preliminary results on a I-56 nozzle spraying DIr-2 
fuel at 75 psig with the sample volume 8 centimeters from 
the nozzle and using a sharp electrode with the point 10 
millimeters from the nozzle at a potential of 16 kV showed 
no conciuSive changes in droplet size. the Sauter mean 


diameter of the fuel spray varied rrom 42 to 47 microns. 
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IT. INTRODUCTION 
The purpose of this thesis 1s to describe the concep- 

tion, design, and initial development of a particle sizing 

device employing a variable-focal-length optical systen. 

This work was undertaken to facilitate ongoing studies 
at the Naval Postgraduate School investigating the effects 
of high-intensity electric fields on the spray from a gas 
turbine engine fuel nozzle. These effects include a demon- 
strated improvement in combustion efficiency [Ref. 1]. 
Previous work under room temperature conditions by Laib 
[Ref. 2] has shown that the spray angle from the nozzle is 
increased and that the intensity of light from a laser bean 
transiting the spray pattern could be decreasei by a small 
percentage by the application of a strong electric field. 
More precise measurements under ambient conditions by 
Zajdman [Ref. 3] has shown that the transmitted ligkt from a 
laser could be decreased by as much as two percent. 

It has been theorized that these effects on the fuel 
Spray caused by the application of high intensity electric 
fields could be explained by a resultant decrease in the 
average particle size. 

The purpose of this thesis is to develop a device which 
allows the determination of the Sauter mean diameter (Dj, ) 
of the fuel spray from the intensity of forward scattered 
light at two angles in an effort to detect achange in 
droplet size directly. 

Investigation of droplet size measuring technigues by 
this method suggested an innovation in methodology using a 
zoom lens in the optical systen. The result of the innova- 
tion allows measurements to be taken with fixed detector 


geometry and optimum signal ratio for Sauter mean diameter 


determination over a three-to-one size ratio. Multiple 
diode pairs increase the Sauter mean diameter range to the 
aperture limits of the device. Simple analogue signal 
processing has been incorporated which allows a servo systen 
to make continuous adjustments of the focal length for 


changes in Sauter mean diameter automatically. 


TABLE 1 
Symbols 
Symbol DeLana ero a 
a particle size parameter 
ag beam spread parameter 
D Sauter mean diameter 
i focal length 
i intensity 
J first-order Bessel function 
A wavelength 
n multiple of objective focal lengths 
c aperture radius 
Se object distance 
Si image distance 
g angle between ray and optical centerline 
X off-center distance at detector plane 
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II. THEORY OF OPERATION 

A complete explanation of light scattering by small 
particles was written by H.C. Van de Hulst {Ref. 4]. A very 
useful paper on the measurement of particle size from 
forward scattered light was written by Donald R. Buchele 
[Ref. 5]. from which Figure 2.1 is reproduced, along with 
the following explanation. Useful approximations for the 
intensity distribution of forward-scattered light in the 
center lobe are plotted in Figure 2.1 The ordinate is the 
intensity at a scattering angle 6 divided by the intensity 
at §@ = 0, the direction of the incident light. The abscissa 
is the square of the dimensionless beam spread parameter 


where the particle size parameter is 


a = 7m7D/A aly 


with particle diameter D and wavelength A. 
The curve for a monodispersion 1S given by Fraunhofer 


diffraction [{Ref. 6], where J,1is the first-order Bessei 


mime t 10n. Formac 20. - sin@ may be replaced Ey @ in 
radians. 
I(@)/1I(0) = (25, (@Sin@)/(@sing) j2 (252) 


The two curves for a polydispersion of particles are 
based on the Sauter mean diameter DD, . This diameter is the 
Tatio of total particle volume to totai particle surface 
area. The curves were derived in [Ref. 7} and [Ref. 8] 
uSing the monodisperse functicn with a wide variety of 
particle- diameter distributions in which ro particles exist 
with a diameter larger than approximately ten times’ the 


Sauter mean diameter. 
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The GauSsian curve is a gocd approximation to the other 
curves, and it is a good approximation to the curve found in 
[Ref. 9], best representing the intensity distribution of 
light scattered by fuel spray. At. "GGFR eer, all curvesmaag 
Figure 2.1 agree with each other within 5 percent oGiweam 
scale {[Ref. 5]. 

The GausSian approximation cf scattering gives the ratio 


of intensities at two angles as 


exp(0.57)2[ (a@,)2 - (a6,)2] (2.3) 


L/h 
or 
Li/ig = GX Pla (C251) (407) =] (2.4) 
Let x, and x, be the distances at the detector flane 
corresponding to @, and @, £or a given tecaweeenaune Using 


the small angle approximation, 
6 = x/f (2355 


Let x, and x, be constant by design. For some range of 
particle sizes, let I,/1I, be kert sonstant Dy varying 2a 
Besoee Using Equation 2.5 to substitute for 6, and @, dn 
Eguation 2.3 and using Equation 2.1 to SUubStItn tee aomee and 


rearranging, 
(Do2/£)2 = In(1./1,) (A\702577)) 277 (x - es (2265 


Thus by method and deSign, D3. /f can be held constant. 
It D3s2 /£ is held constant, then Equation 2.7 shows that the 
beam spread parameters G6, and @@, are also held constant 
for constant x, and x,. Eguaticn 2.7 is derived by equating 


the product of both sides of Equation 2.1 and S2uation eZee 


OG@m— x (777X) (D,, 7£) eZ) 


One Camemeasure x,,*%,,and £ directly. iimorder both £0 
solve Equation 2.6 for D3, and to validate the assumptions, 
Pvyinetiucstene kKnewn and held ccnstant, respectively. One 
should choose a@, and @@, to maximize changes in I,/I, with 
percent changes in D3,. In other words, one should maximize 
Geis 7l,) /(adD3, /D3. ) With respect to @@, and dé62. 

Differentiating Equation 2.3 and rearranging yields 


Ecuation 2.8 . 


d(I./Ii)/(dDa2 /D32 ) = 2(0.57) 2[ (€6,)2 - (a@,) 2) (2.8) 
*exp (0.57) 2{ (a8,)2 - (a62)2] 


Differentiating Equation 2.8 with respect to d@2, 


setting equal to zero, and simplifying yields Eguation 2.9 . 
(A86,)2 = (d6,)2 + 1/(0.57) 2 9) 


Differentiating Equation 2.8 with respect to a@,, setting 
equal to zero and Simplifying yields the same result. 
Granting this condition leaves one remaining degree of 
freedom. Let €@, be chosen such that d(I,/Io0)/(dD32 /D32 ) is 
Maximized for a given D322. Differentiating Eguation 2.4 and 


rearranging yields Equation 2.10. 


d(I,/Io)/(dD32 /D32 ) = -2(0.57)2 (a@,) 2 (2.10). 
*exp[ -(0.57) 2 (aé;) 2 ] 


Setuumig the partial derivative of Eguation 2.10 with 


respect to d@@, equal to zero yields Equation 2.11. 


a6, = 1/0.57 et) 


ie 


Solving Equations 2.9 and z.11 for @@, yields EqQa@amuen 
eae = 


Gg =. HD 70a sur (2. Tey 


Equations 2.11 and 2.12 together yield the required 


detector geometry ratio given by Equation <z.i3 . 
<7/x = 906. 71Go = =e (2 es 
Substituting the expressions for @@, and a6, from 
Equations 2.11 and 2.12 into Equation 2.3 Yiel@sueee 
reguired signal ratio given by Equation 2.14 . 


l,/i1,= 1fe (2. 14) 


Substitution of the same results into Equation 2.8 


yields: Equatron 2.15 ~ 
d (i, 7/15) 7 (40 52 7 42 O21) 


A similar substitution into Eguation 2.10 yields Eouemae 
Ze Cues 


gd (I, /1o) 7 (GD32 /D32 ) = -2/e (Ze 16) 


Finally, substitution of x,= {2x:,and 22/1, = @/7oueuee 


Equation 2.6 and solving for D,;, yieldS Eavation 22 19a 
D3. = £(A/0.5777x,) (2a 
Figure 2.2 from [Ref. 5] shows a relative intensity 


I(@,D)/1(0,D) for a circular particle as a function Of (ange 


and diameter D (D = 10,000 microns, A = 1 micron.) Fors 
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Guia gee ene I2ntelsity at G and D have heen arbitrarily 
Givuded Dymmthe intensity at @= 0 and Db = 0. From the 
figure, one can see that for a given number of scattering 
particles, the relative intensity 1s directly proportional 
Gemene LOUrtheoOWwer Of Dg2 at cconstant focal length. Since 
the intensity in an optical system is inversely proportional 
to the sguare of the focal length, and Equation 2.17 Shows a 
linear relationship holds between f and D3. for the meas- 
uring method described, we ccnclude that for the method 
described, relative intensity will be directly provortivnal 
to the square of D32 for aoconstant number of erfective 


scattering particles. 


Me OLSLEN OPTICS 


The angies involved for measuring particle sizes of 50 
to 300 microns by the method described are between 1.178 
feitinadians for @; at 300 microns and 9.995 milliradians 
for 9.2 at 50 microns. Therefore, the smail angle approxima- 
merons and the principles of first-order optics are excellent 
if highly corrected, high guality ccnfmercial lenses are 
used. 

The optical principles used to desiyn this system are 
fully explained in any good tkasic optics text, such as 


fRef. 10], and are as follows: 


1. Igiteineci@gentsto Che £cbward principal plane at the 
Optic axis leaves the lens element at the aft principal 
plane at the optic axis travelling in the same direction 


in space. 


a. Pardlilel rays incident to the lens forward vrincipal 


plane arrive at the same point on the plane perpendicular 
MemtnOyOprle axis at the aft focal point. 


1S 


The following useful corollary to the first tWo praieiaeee 
is obtained by applying the first principle to a Lay cCoimeme 
dent with the optic axis and applying the second primeigeme 


to all parallel rays to this First eae 


of All incident rays parallel to the optic axis pass 


through the aft —foecate pom: . 
Another useful, easily proved corollary is 


4. All rays which pass through the forward focal@poguae 
emerge from the lens parallel to the optic axis. 

A useful equation for aligning and focusing the systen 
is the Gaussian Lens Equation. This equation states that 
the reciprocal of the focal length is eyuai to the sum of 
the reciprocals of the object and image distances. these 
are the signed distances from the forward principal plane to 
the object and from the aft principai plane to the image, 


respectively. 


V7 see (2. 18) 


Figure 2.3 shows two thin lens diagram equivaients for 
the overall optical system, one with the focal length double 
that of the other. The optical system must bring the 
unscattered light to a voint on the detector plane that does 
not move with changes in focal length. This can be a@ecame 
plished ry keeping the aft focal point on the detector plane 
and orienting the optic axis to be parallel to the Wnhseamee 
tered light source direction. Aperture requirements will be 
Minimized by making the light source ray and the optic axis 
coincident. A measure of the success of meeting this 
requirement and for verifying that the final design 1S epee 
of distortions is the image quality when using 4 Viewing 


screen at the detector plane for an image coming IntOuae 
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Seemed esoysren f°ON imiinite distance, suca as the image of 
a reticle in a precision collimator. 

The easiest way to meet these conditions with changing 
mocal Length as to properly incorporate @ zoom iensS asa 
lens element into the systen. 

An ideal zoom lens keeps the image position constant 
while zooming, or varying the focal length of the lens with 
the focus set for a given object distance. Peg ne gualicy 
commercial zoom lenses are readiiy available for use with 
cameras. The desired image position for the Camera is on 
the film plane. From this basic property and the lens equa- 
tion, it follows that when the zoom lens is set at infinite 
Semect distance, tne aft focal point is located at the film 
plane, and does not move when zooming the lens. Therefore, 
the key to incorporating the zcom lens in this application 
iemto set the focus tor infinite object distance. To incor- 
porate the zoom lens in the forward direction (pointing 
toward the fuel spray) as an element in the optical systen, 
have it follow an element with infinite image distance for 
an image originally from infinite distance to the systen, 
and have the desired image point for the next element at 
what would be the film plane if the zoom lens were mounted 
On a camera. TOMwNGewporate the zoom lens pointing aft, 
have it follow an element with the image point for the 
element preceding the zoom lens at the film plane, and the 
desired object distance for the next element be at infinity. 

From the element following the zoom lens, the image must 
then ultimately be put on the detector plane in such a way 
that tne desired focal length range is obtained without 
exceeding any of the aperture requirements of the lenses one 
has available for elements. 

The optical system used in this work has the zoom lens 
pointing in the forward direction, and unless specifically 
Stated otherwise, the following analysis assumes this 
ecomdition. 
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Since the zoom lens would focus the collimator image on 
the focal plane all by itself, the zoom lens could have been 
used alone as the entire optical system. This system would 
have some unacceptable disadvantages. A great jieal of scat- 
tering of the transmitted beam would be caused by the zoon 
lens itself. It is highly desireable to be able to block 
the transmitted beam and all angies not of interest just 
after a low-scattering first lens element. 

The focal lengths of reasonably priced high quality zoon 
lenses are relatively small. The optical system used for 
this thesis has a useable focal length range of 1959.2 mm to 
5104.6 mm, which allows the use of quiet, highly sensitive, 
large active area, discrete photodiodes, which cannot be 
placed any closer than about 10 mm apart. Each channel can 
be individually zeroed for the light not actually scattered 
by the particles, and provides a continuous analog signal. 

Figure 2.4 shows a pair of lens elements piaced so tnat 
the aft focal point cf the first lens element 1S coincident 
with the forward focal point of the aft element. Successive 
application of Equation 2.18 shows that for this combina- 
tion, an infinite object distance results in an infinite 
image distance. The image distance for alens element 
following this combination under these conditions would be 
equal to its focal length regardless of its position, so 
engineering convenience could be used as a criterion for its 
placement, with due regard for its aperture requirements and 
those of the downstream elements. The superimposed ray 
diagram on the confocal pair in Figure 2.4 shows that the 
incident and emergent angles of a pencil of light with the 
optic axis, 6; and @e, and the fore and aft element focal 


lengths are related py Equationg2. ia 


6.70. = ieee (2. 19) 
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PMiiecessivemaOticatzon Oc EQUation 2.19 for a series of 
mEGoOMLOcCa le aitrs shows that’ the relation between the inci- 


dent and emergent angles is governed by Equation 2.20. 
00/0; = TT (£p7Z4); (a2) 
¢ 


Rearrangement of Equation 2.5 shows that for any single 
lens element, or for the optical system as a whole (itself 


useable as a combined lens element), Equation 2.21 applies. 
F= x/@; (Ze I) 


The optical system used for this work uses two confocal 
lens element pairs followed by a single lens element with 
the aft-focal point on the detector plane. The first 
element of the second confocal fair iS a zoom lens. 

Applying Equation 2.21 to the system as a whole yields 
meugation 2.22 . 


Eoys = X70; (26 22) 
Applying Equation 2.21 to the last lens element, and noting 
that the incident angle for the last lens element is the 
emergent angle for the confocal pair series, yields Equation 
Pa23 @ 


£,= X/ 06 (2-25) 


Substituting Equation Eee Noo ese lid clon 2222 Oye ids 
Pauation 2.24 . 


Eee (0,70, ) ©: (2. 24) 


19 


Substituting Equation 2.20 into Equation 2.24 yieldsmeme 
desired focal length expression for the optical system in 
terms of the focal lengths cf the individual elements 
(eq at Ona 2s oy) ee 

fojs= (£1722) (£3724) 2s (2. 2ay 

Figure 2.5 1S an egquivaient thin iens Tay diagranees 
Figure 2.3 in terms orf the individual lens elements of the 
ootical system, not to actuai scaie, which illustrates 
Validity Of B9ua Clonee oe 

The planes containing tne confocai points are special in 
that diffraction effects of pinholes, stops, and slits have 
ho eifect on image yuality at the detector plane because the 
arrival point of a ray of light at the detector plane is 
dependent onlv on the positicn the light came from the 
cohrocai plane, not cn its direction. In optics textbveonmee 
these planes are referred to as transform planes for the 
aggregate elements which consist of the elements in front of 
the planes [Ref. 11]. 

Therefore, a slit of just sufficient length and width to 
illuminate the detector pinhole apertures at ail zoon 
settings is located at the ccecnfocal plane of the first 
confocal pair. The pinhole apertures themselves are located 
on a removeable diaphragm at the confocal plane of the 
second confocal pair, which corresponds to the film flane 
for the zoom lens. Examination of Figure 2.5 £00 amma 
constructed using the basic principles of optics and basic 
geometry which crosses the optic axis n-objective focai 
lengths in front of the forward objective principal plane, 
provides the following recursive relations from the aperture 
radii at the principal plane for each of the lens eleatents 
in millimeters, where c,is the distance in millimeters 


between the aft~-focal point of the zoom lens and the aft 
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Pete tpareriate OL tue second lens element, and c, is the 
distance between the aft principle plane of the fourth liens 


element and the forward principle plane of the last lens 


element. 
c, = tan(@) (n) £, (2226) 
c, = tan(@)[f;, + (1- n)f.2 ] (2. 27) 
fea Go tc, - £3)tan(@) (£,)722 ] (228) 
mee = ©, + { (cr; ~— £;.) (£,)7f: ) (2.29) 
Bees = (£7) (C2) /ts (2. 30) 


Equation 2.31 relates the angle @ that a ray maxes with 
the axis of the optical system to the zoom lens focal length 
for a given off-axis pinhole location r; when the pinhole 


aperture is located at the zoom lens aft focal plane. 


mes 7 ean (6) (£,) (£3) 7f, ee 


an 
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Figure 2.5 Optical System Ray Diagram (not to scale) 
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Ti i DEVECE DESCRIPTION 


Ao OPTICS 
1. General 


The optical system consists of five lens elements 
aligned in series as shown in Figure 2.5. The first lens 
element consists of an objective lens for an opaque 
projector, with a nominal focal length of 26 inches (660 on) 
and a nominal aperture diameter of 4 inches (f/number = 
GD). The second and fifth elements consist of high 
quality, highly corrected, wide-angle aspherical lenses 
originally designed for use in aerial photography cameras. 
They have a nominal focal length of six inches and an 
f£/number equal to 6.5. Their exact backward and forward 
focal lengths as measured from the lens surfaces are 
provided by the manufacturer to the nearest thousandth of an 
aC he. The third lens element is a nominal 70 to 210 mn 
Series-One zoom lens made by Vivitar, with an f£/number of 
3.5. The fourth lens element is a nominal 25 mm lens origi- 
Nally designed for use on a closed-circuit television 
Camera. It has an £/number or 1.4. 

The lens elements and detector platform pedestal are 
mounted onthe central axis cf four paraliel 0.500-inch 
thick aluminum plates, 9.875 inches in diameter. pach paie 
of plates is held rigidly parallel by three half incn dian- 
eter steel rods 120 degrees apart 0.625 inches from the the 
plate edges. The rods are staggered 60 degrees from section 
to section to allow for fasteners. 

The objective is mounted on the first plate ina 
sleeve with a set screw, and the poles between the first and 


second plate are machined so that the objective can slide 


a 


fore and aft about 0.5 inch from the position where its aft 
focal point rests on the front surface of a stage which is 
mounted on the second lens element so that this surface 
contains the forward focal plane of the second lens element. 
This stage kas a 1.0 inch diameter hole in the center over 
which a slit aperture is glued after the system has been 
focused and calibrated for focal iength versus micrometric 
screw setting. In the center of the slit 1s a smavieeee 
whose total width (1.0 mm) subtends 1.5 milliradians at the 
nominal objective focal length. A 400 micron clearance 
aperture is in the center of the stop which is unobstructed 
when aligning the central beam, and can be blocked by 
putting tension on a string painted flat black. This 
arrangement dramatically decreases the scattering ot the 
Main beam by the lens elements and does not interfere with 
the signal at any angle of interest. 

The second lens element is mounted on the front of 
the second plate. On the reverse side of the second plate 
the zoom drive mechanism is mounted. The zoom drive mecha- 
hism consists of a sleeve mounted on the zoom lens adjust 
barrel which is driven fore and aft for zooming actwommey me 
precision-made micrometric screw. The micrometeric screw 
advances one tenth of an inch for every four revolutions of 
the micrometric screw. The screw is graduated to the 
nearest thousandth of an inch. Approximately thirty maggie 
meters of travel are required to traverse the full zoon 
range. Approximately one half turn of the micrometric screw 
is avoided on each end of the zoom range to preclude 
disturbing the calibration of system focal length versus 
micrometric screw setting. The micrometric screw is geared 
to a 15 turn potentiometer by a 22 to 96 teeth gear ratio. 
The potentiometer is used aS a variable resistance to a 
constant voltage which is used as a summing input to an 


Operational amplifier. The potentiometer iS in turn geared 
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Eemom oe VOUteOe Motor Oy a 22 to 96 teeth gear ratio. elas 
moter 1S a high torque, low speed motor, and fuil traversal 
of the zoom range at maximum applied voltage of 28 volts 
reguires about 20 seconds. Approximately one turn of the 
potentiometer on each end of the 15 turn potentiometer is 
PeeuSe ds 

The zoom drive system waS originally designed with 
an interlocking cogged wheel arrangement located on the 
micrometric drive axle which allowed for the actuation of 
microswitches which interrupted drive power when the limits 
of zoom travel were reached. This mechanism was discarded 
when it was determined that the mechanism was allowing the 
zoom adjust barrel to wobble slightly when being changed. 
This wobbling action could only be detected by observing the 
image ‘from a precision collimator at the detector plane 
under a Linocular microscope with a magnification of 40X. 

The zoom lens is mounted on a tube which is counter- 
bored internally for a diaphragm. The depth of the counter- 
bore 1S such that the rear surface of the 0.02 arch thick 
diaphragm 1S at the film plane distance from the zoom iens 
mounting plane as specified by the zoom lens manufacturer. 
The outer surface of the tube 1S threaded and is screwed 
into an internally threaded tube along with two lock-rings. 
The outer tube is threaded on the art end to to mount on the 
MmeOLtE face of the third mounting plate. Since the both the 
zoom lens and the zoom adjust assembly are both rigidly 
mounted to the system frame, the tolerances for positioning 
of the zcoming elements of the zoom lens assured Ey the 
drive system can be retter than those assured by the manu- 
facture of the lens with resrect to parallelism of the 
elements, as was done when the wobble with zooming action 
was eliminated. 

The center of the diaphragm has a one hal£ inch 


diameter hole in the center. A piece@or 0.002 inch thick 
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aluminum shim stock with pinhole apertures is glued onto the 
aft surface of the diaphragm. All the pinhole apertures are 
within the image of the aperture slit located at the aft 
focal point of the objective. There is a 50 micron diameter 
pinhole in the center which is located precisely on the 
optic axis of the zoom lens. This hole is used when veri- 
fying the alignment of the system. In addition, there is a 
clearance aperture pinhole at this plane for each photode- 
tector at the detector plane. The image formed at the 
detector plane is slightly oversized, so that the effective 
aperture is the active area of the photodiode itself. 

The fourth lens element is threaded tO mount ina 
0.125 inch thick plate which is mounted by screws onto the 
reverse side of the third mounting plate. The length of the 
tube on whicn the zoom lens is mounted is adjusted so that 
the front focal length of the fourth lens element lies on 
the aft surface of the diaphragm, coincident with the aft 
foGai POlLnt of the Zoom lence The last lens element is 
mounted over tne 0.125 inch thick plate on the reverse side 
Of the third mounting plate. 

A removable platform is mounted onto the last lens 
element such that the front face of the platform is coinci- 
dent with ~ its att, toca splane- This platform 1s nade of 
plexiglass and the surface facing the spray has been sand- 
blasted to serve as a medium-resolution viewing screen for 
real images formed by the optical systen. 

the photodiode detectors are HAD-110G integral 
photodiode-op amp combinations manufactured by EG&G. Only 
the photodiode part of the package is used in this appiegs 
tLoOne Each pnotodioée is individually mounted “iia 
assenbly which has posts on which the electrical leads may 
be fastened. The photodiode assemblies are mounted ona 
0.125 inch thick plate which is in turn mounted On aie 


positioning stage. This stage is mounted ona pedestal 
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which slides ina hcle in the center of the last mounting 
plate. This allows the x-y positioning stage to be rotated 
or to be moved fore and aft so that the photosensitive 
surfaces of the photodiodes may be placed at the aft focal 
plane of the last lens element. Two pairs of photodiodes 
are installed so that two ranges of particle sizes are 
available by the turn of a switch. For the inner pair of 
diodes, the off-center locations of the diodes are 5.71 on 
and 8.08 mn, and the outer pair are located at 15.71 and 
wzece tM. The ratio of off-enter distances for both pairs 
of photodiodes is equal to the sguare root of two. 
Switching is available for ten fhotodiode pairs. 

Pecernmcdi ev ecleGuditry providing the two channel 
outputs and the initial servo Signal 1S on a circuit board 
mounted on the last mounting flate, along with the diode 
pair selection switch. The spaces between the first two 
and last two mounting plates are covered and netal-lined to 
Shield the instrument from extraneous light and electrical 
noise. Sight holes are placed in the covers so that the 409 
micron aperture at the aft objective focal point is visible 
from behind, and the point where the unobstructed trans- 
mitted beam impinges on the detector plane is visible. 
Alignment is assured when a bright spot can be seen on the 
detector plane, then tension is placed on the string which 
Blocks the 400 micron aperture, and the sight holes are then 
covered with opaque tape. The optical path between the 
second and third mounting plates 1s enclosed by the zoon 
adjust assembly and the zoom lens with its mounting tube. 
The first three mounting planes are threaded for posts on 
the base which are flaced in mounting brackets, ain the 
whole device is mounted on an optical bench. 

The scattering volume of fuel spray was approximated 
by a cylinder of the diameter of a 5 milliwatt Helium-Neon 


laser manufactured Ey Hughes, expanded and spatially 
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filtered to a beam diameter of 8.4 mm at a nominal distance 
of 3 objective focal lengths frem the objective. The wave- 
length of the laser output is 0.6238 microns. Extendingeume 
rays from all possible locations within the scattering 
volume to the optic axis gives an equivalent range of points 
of origin from the optic axis which can be spanned to deter- 
Mine the maximum aperture requirement for each lens element 
for a give angle of incidence. All the aperture reguire- 
ments are exceeded by the lens eéliements. 

The initial focusing and calibration of the optical 
system is greatly facilitated by the use of a precision 
COLLiMa tor. The collimator used for this work was designed 
for use aS an optical strain gauge, and was calibrated by 
the National Bureau of Standards. 

The first step in focusing the system is to project 
the image of the reticle in the collimator into the objec- 
tive, and slide the objective in its sleeve until the image 
of the reticle is in focus on the stage mounted on the 
second lens element. 

The second step in focusing the optical system is 
best accomplished when the pinhole apertures are not yet 
glued into place on the diaphragm at the aft zoom focai 
PO mnie. In place of the pinhole apertures is placed a 
reticle on a piece of glass with the markings on the face 
towards tae objective. The zoom mounting tube is then 
adjusted so that the image of the reticle is focused on the 
detector plane screen, and the locking rings are then tight- 
ened. When the optical system is assembled with the zoon 
lens focus adjust set for infinite object distance, the 
image from the precision collimator is in focus at the 
detector plane to the aperture limits and maintains focus 


throughout the zoom range. 
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Peo ystem Focal Length Calibrate on 


Tiemouticalwesysren is Calibrated Dy@eattaching the 
Bepwcle Used for focusing the device to the detector plane 
viewing screen on the optical centerline, and superimposing 
the image of the reticle from the collimator. The reticle 
at the detector plane is 18 om long andis graduated in 
tenths of a millimeter. Since it was originally designed 
for use with a deflected reflector, the image from the 


Gollimator iS nominally calibrated in double milliradians 


TABLE 2 
Focal Length vs Micrometer Setting 
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with a correction factor supplied by the National Bureau of 
Standards. Hence, the focal lergth of the system at a given 
ZOOM micrometer setting can be determined by measuring the 
distance between graduations of the collimator image with 
the detector plane reticle. Lirssecanape Gore withethe help 
of a 40x- binocular microscope, and the results of this 


operaticn are presented in Table 2 . 
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Dee LEC TRONDES 


1. ehneral 


A simplified block diagram of the signal processing 
is provided in Figure 391 

The photodiodes are positioned in pairs so that they 
produce voitage signals proportional to I, and TI, from 
Equation 2.3, henceforth referred to as channel 1 and 
channel 2. A pair of photodiodes are selected by the photo- 
diode pair selector switch. This switch is a multiple wafer 
rotary switch with one wafer which selects the signal lead 
for channel 1 and another wafer for channel 2 . The photo- 
diodes are all grounded and frovision has been made for 
applying up to 90 volts of bias to operate the photodiodes 
photoconductively if desired. Tits felt that for sensi- 
tivity and linearity of response that the photodiodes are 
best operated in the photovoltaic mode by groundiing the bias 
leads. 

Each channel is connected to the inverting input pin 
of a LN741=— operational amplifier. A gain ratio of 1/e is 
Maintained between channels 1 and 2 by adjusting a variable 
gain resistance of 100 to 200 kilohms for channel 2 and 33 
to 133 kilohms for channel 1. After this point, the vtue 
channel outputs are egqual at the zero error condition. 
Therefore, any deviation of the amplification from linear 
amplification will not in itself cause an error in the wiles 
Mate servo signal as long as each channel is identical froa 
this point to where the servo signal is generated. 

Each channel is then fed into the inverting inpitmeg 
a LM741- operational amplifier with an overall gain one 
for the application in this) wore The zeroing control for 
the overall channel output is the orfset potentiometer for 
this opepational amplarverne. The output from this opera- 


tional amplifier is then fed into the inverting input of 
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aiounereEiy ti-operatitonads amplifier with an overall gain of 
20, followed by a another operational amplifier which 1s 
configured as a non-inverting, voltage-controlled voltage 
EouEec nw ScGond-OGder, Wnty gain low-pass filter with a time 
constant of 0.1 seconds. 

The two channel outputs are then cornected to two 
separate pens on a strip chart recorder. In addition, the 
two outputs are connected to a network made from a standard 
epireatsom of a LNS2ZG50Gquad operational amp lifier anda 
RA201 precision resistor chip which produces a single output 
which is proportional to the difference of the input 
Signals. The proportionality constant (gain) can be set 
meen isto 995 by £oliowing the directions for pin l1atercon- 
nection supplied by the resistance chip manufacturer. A 
gain of 199 is used in this application. The zero position 
of the single ended output 1s controlled by using the third 
amplifier in the LM324 chip as a summing amplifier for the 
generated signal and for a potential governed by an external 
potentiometer. 

This output is connected to a low pass filter iden- 
tical to those previously described, and that output 1s 
connected to the third pen of the three pen strip chart 
recorder and to the inverting input of the preamplifier of 
a Hyband DC Servo Amplifier Model 150A, which currently has 
eecgartn Of 10. The DC motor is connected to tne servoampli- 
Tier such that a positive error signal drives the zoom notor 
in the direction of increasing focal length. This drives 
the error signal to zero and maintains an intensity ratio of 
1fe for the photodiode pair. 

An additional two pen strip chart 1S necessary to 
record a signal which is a function of zoom gicrometer posi- 
e1on, and a voltage which is proportional to the applied 
voltage on the electrode in the fuel spray pattern. The 10 


kilohm potentiometer geared to the zoom micrometer is used 
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in a single-ended fashion and 1S connected in series with a 
resistor which is connected tc a Zener diode controlled 
potentialwor — 10662 evolbucr The other end of the potention- 
eter is connected to the inverting ik put of a 
LN741-operational amplifier which is used aS a summing 
amplifier. A 100 kilohm potentiometer is connected in 
Similar fashion in series with a resistor which is connected 
to a Zener diode controlled potential of +10.62 Volts, with 
the otner end of the potentiometer connected to the 
inverting input of the summing amplifier. This potention- 
eter is used to zero the output of the summing amplifier at 
any arbitrary zoom micrometer setting. Chart control ¥gaaee 
May be used to get a wide range of desired sensitivity of 


pen deflection vs micrometer position. 
2. Internal Controls and Biasing Procedure 


The main circuitry card has 10 potentiometers in the 
upper right hand corner which are listec as they appear on 
the card from top te bottom with a description cf their 
fUNneLIOn sane aoe se Regular adjustment of these controls 
is not required, but is recommended in the event that any of 
the electrical components on the card have to be replaced. 

The gain resistors may be set by measuring the 
resistance over the input and output pins of the first stage 
amplifier of the channel of interest. The actuai channel 
gain ratio may be calculated and fine-adjustei by using a 
small laser with a variable-reflectivity beam splitter to 
control the transmitted intensity and a precisSion-steerable 
reflector to illuminate the photodiode for channel 2 at the 
intensity expected in service and adjust the channel two 
gain to the desired output voltage, then steer the Deanwiue 
illuminate channel 1 and take the ratio of channel outputs 
to compute the gain ratio. Ahen this operation was 


performed, the actual gain ratio was consistent with the 
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AoE e 3 
Internal Controls (top to botton) 


Potentiometer mInet icon 

1 Gain Resistor Channel 2 

2 Gain Resistor Channel 1 

5 Srrsetvaotage techannel. | 
4 Offset, Stage 71 Channei 2 
= No Connection 

6 No Connection 

i Srrset, Stage 3, Channel 1 
8 wensetm, stage 3, Channel 2 
9 Offset, Semvo Sadgqmal Filter 
10 Offset, Micrometer Signal 


Main ratio set on Stage 1 for each Channel and the toler- 
ances of the fixed resistors used for the input and output 
resistors for the remaining amplifier stages. This implies 
that the channel resfonse is linear with signal intensity. 

The offset potentiometers for each stage in each 
channel can be zeroed sequentially using a good multimeter. 
Pecontact iS provided on the card for connection of the 
multimeter low to ground, and for the output of each stage. 
Note that the offset for stage 2 of a given channel 1S an 
external control. Zeroing a stage by grounding the input 
can very easily lead to the overload of the previous stage 
resulting in loss of the operational amplifier. Measurement 
of a staye gain resistance can only be accomplished with the 
circuitry card removed from the socket. SeLtcing the ofrset 
potentiometers 1s accomplished with the card plugged in and 
the power on, with the photodiodes covered. 

The servo signal filter may be zeroed as follows. 
Pport the outputs of channel 1 to channel 2 usiny the appro- 
priate stings on the circuitry card and a jumper. cable. 
Pamguat the potential to ground of the filter input to zero 
volts using the external control, Then adjust the potential 
to ground of the filter output to zero volts using the 


offset potentiometer. 
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The micrometer Summing amplifier may be kiased as 
follows. Adjust potential to yround of the input pinwomeeeee 
Summing amplifier to zero voltS using the external control. 
Then zero the potential to ground of the Output Gime 


summing amplifier using the offset potentiometer. 


3. External Controls and Cecnnections 


as See eee a SS ee ce ee eee ee == Se ec ce ce 


The device normally has four outputs for which 
coaxial sockets have been provide on the back mounting 
plates They are, from left to right, channel 1, channel 2, 
the servo-Signal output, and the micrometer Zoom position 
Signal. A knob which adjusts the zero for each of these 
outputs is located just above the appropriate jack. These 
zero knobs can be adjusted uSing the appropriate chart pen 
after the chart has been zeroed according to its instruction 
manual. The channel outputs should be zeroed with the laser 
on, and the fuel spray or particles of interest absent. The 
servo Signal 1S most easily zeroed with the output of 
channel one shorted to the output of channel 2. Channels 1 
and 2, and the Servo signal output go to three pens ona 
three pen chart recorder. The micrometer position signal is 
connected to a pen on atwo fen Chart recorder. DO Roe 
Short either channel to ground. This couid overload one or 
more operational amplifiers, resulting in component damage. 
The micrcmeter zoom position signal may be zeroed at any 
desired micrometer setting. 

The photodiode pair selector switch is iocated above 
and to the left of the output coaxtalecee. A cable at 
the base of the mounting plate supplies ground, +15 Volts, 
~15 Volts, and photodiode bias, if desSieem Another cable 


goes from the base of the mounting plate to a cannon piug on 


the zoom drive assembly. This cannon plug is connected to 
the micrometer potentiometer. This Same cannon plug is 
connected to the zoom drive motor. Another cable from this 


cannon plug leads to the motor drive contipeieac = 
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iiemiotar sdrivescontroi box has two lights on it 
associated with zoom travel limit switches which are not 
currently Pine tLOnat because of problems previously 
discussed. Below these lights are three controls, from left 
Pom Laght. The first is a three position auto-off-manual 
Switch. The middle knob is a rheostat which attenuates Zoom 
motor driving potential when it is operated in the manual 
mode. The last three position switch is spring-loaded to 
the off position in the niddle, and moving the switch to 
either side runs the zoom drive motor in either direction in 
manual mode. On the back side of the motor control box are 
two coaxial sockets with a cannon plug socket in the middle. 
Facing the sockets with the control knobs on top, the 
coaxial socket to the left should be connected to +28 Volts, 
and the one to the left should be connected to the servo- 
amplifier power output coaxial socket. The cannon plug 
socket is connected to the zoom drive assembly cannon plug. 

The Hyband Servo Amplifier has a plate mounted on 
its side with three coaxial sockets. EEOM Lefietoeriglt, 
they should be connected to the optical device servo signal 
Smepuc, +28 Volts, and to the zoom drive motor control Lox 
(this socket is the servo-amplifier power output.) The 
Optical device servo signal output has to be split so that 
it can also go to the third fen of tne three pen chart 


recorder. 
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Figure 3.1 Signal Processing Block Diagran 
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IV. CONCLUSIONS 

The droplet size of a fuel Spray pattern from a T-56 
nozzle using DF-2 fuel was investigated toa preliminary 
extent using the device described with a high intensity 
electric field applied and with no applied electric field. 
The fuel pressure was 75 psig, anda sharp electrode with 
the point 10 mm from the nozzle was used to apply potentials 
of up to 16 kV. The droplet size varied from run to run and 
Meena a Bune tEeom OUteE Limits of 42 to 48 microns, and the 
application of electricity had no obvious or consistent 
effect on the droplet size. 

EtGnmemmaa 'sa0d typical run of micrometric position 
Signal versus applied voltage. The erratic trace is the 
mMicrometric position Signal. The other trace is the applied 
voltage which starts out at 16 kV and then is decreased to 
zero Volts. 

Figure 4.2 is the trace from the three pen recorder for 
the same run. The fat trace 1s the sServo-Signal output. 
The other trace 1s the superimposed traces of channels one 
and two. A split of channel signals of less than one 
percent is sufficient to achieve the width from zero of the 
servo-Signal output on this trace, where no split represents 


a zero error due to servo tracking. 
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Typical Channel Kesponse and Servo Tracking 


Fagure 4.2 
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¥. RECOMMENDATIONS 

The most demanding task when operating this system is 
obtaining and maintaining alignment of the optical system 
with the transmitted bean. The mounting wobbles noticeably 
with small applied forces at the angles of interest. At 
larger particle sizes at which the particle sizing device is 
theoretically capable of handling this unsteadiness would 
probably be intolerable. An isolated shock mounted optical 
table would make a noticeable improvement. 

At present, the effective photodiode aperture is the 
active area of the photodiode itself. Earlier attempts at 
uSing small pinhole afertures at the aft focal point of the 
zoom lens resulted ina channel gain ratio that was incon- 
sistent with the channel gain resistances by a large factor. 
Further work with precision made, sharp circular pinhole 
apertures is needed. 

The device would be much easier to use if a more posi- 
tive method of excluding the light through the 400 micron 
aperture than the present flat-black painted string, such 
aS using a pin ona screw. 

The device has the wiring in place for zoom travel iilmit 
microswitches. The switches in place are too large to be 
incorporated ina Simple manner. Small microswitches could 


be used to solve the froblen. 
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